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Intestinal bacteria condition dendritic cells to promote IgA
production
Abstract
Immunoglobulin (Ig) A represents the predominant antibody isotype produced at the intestinal mucosa,
where it plays an important role in limiting the penetration of commensal intestinal bacteria and
opportunistic pathogens. We show in mice that Peyer's Patch-derived dendritic cells (PP-DC) exhibit a
specialized phenotype allowing the promotion of IgA production by B2 cells. This phenotype included
increased expression of the retinaldehyde dehydrogenase 1 (RALDH1), inducible nitric oxide synthase
(iNOS), B cell activating factor of the tumor necrosis family (BAFF), a proliferation-inducing ligand
(APRIL), and receptors for the neuropeptide vasoactive intestinal peptide (VIP). The ability of PP-DC to
promote anti-CD40 dependent IgA was partially dependent on retinoic acid (RA) and transforming
growth factor (TGF)-beta, whilst BAFF and APRIL signaling were not required. Signals delivered by
BAFF and APRIL were crucial for CD40 independent IgA production, although the contribution of B2
cells to this pathway was minimal. The unique ability of PP-DC to instruct naïve B cells to differentiate
into IgA producing plasma cells was mainly imparted by the presence of intestinal commensal bacteria,
and could be mimicked by the addition of LPS to the culture. These data indicate that exposure to
pathogen-associated molecular patterns present on intestinal commensal bacteria condition DC to
express a unique molecular footprint that in turn allows them to promote IgA production.
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Abstract
Immunoglobulin (Ig) A represents the predominant antibody isotype produced at the intestinal mucosa, where it plays an
important role in limiting the penetration of commensal intestinal bacteria and opportunistic pathogens. We show in mice
that Peyer’s Patch-derived dendritic cells (PP-DC) exhibit a specialized phenotype allowing the promotion of IgA production
by B2 cells. This phenotype included increased expression of the retinaldehyde dehydrogenase 1 (RALDH1), inducible nitric
oxide synthase (iNOS), B cell activating factor of the tumor necrosis family (BAFF), a proliferation-inducing ligand (APRIL),
and receptors for the neuropeptide vasoactive intestinal peptide (VIP). The ability of PP-DC to promote anti-CD40
dependent IgA was partially dependent on retinoic acid (RA) and transforming growth factor (TGF)-b, whilst BAFF and APRIL
signaling were not required. Signals delivered by BAFF and APRIL were crucial for CD40 independent IgA production,
although the contribution of B2 cells to this pathway was minimal. The unique ability of PP-DC to instruct naı¨ve B cells to
differentiate into IgA producing plasma cells was mainly imparted by the presence of intestinal commensal bacteria, and
could be mimicked by the addition of LPS to the culture. These data indicate that exposure to pathogen-associated
molecular patterns present on intestinal commensal bacteria condition DC to express a unique molecular footprint that in
turn allows them to promote IgA production.
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Introduction
The intestinal immune response is highly specialized towards
IgA production, with up to 3 g of secretory IgA (SIgA) secreted
into the human intestinal lumen per day [1,2]. SIgA functions to
provide a barrier against the penetration of intestinal commensal
bacteria and invasive pathogens [3,4], however the exact
mechanisms regulating the selective production of this antibody
isotype at mucosal sites remain unknown. PP are the major site of
intestinal B cell IgA class-switch recombination, with switched cells
leaving this organ and migrating via the mesenteric lymph nodes
to the thoracic duct to finally enter the intestinal lamina propria.
Here they differentiate into plasma cells secreting dimeric IgA
linked by the J chain [5]. Dimeric IgA associates with the J chain
to form SIgA, which binds the polymeric Ig receptor (pIgR)
expressed basolaterally on epithelial cells [6,7] and is transported
across the epithelium to be released into the intestinal lumen. A
large component of circulating plasma IgA present in mice is also
derived from the intestinal mucosa, and can be transported to the
intestinal lumen via the hepatobillary pathway [8].
The large majority of lymphoid derived B cells are B2 cells, and
it was believed for a long time that the induction of IgA class-
switch recombination in these cells required cognate T cell help
[9,10] together with the presence of cytokines such as TGF-b [11].
However, we now know that many other factors can regulate
antibody isotype switching including DC-expressed BAFF (also
known as BLys) and APRIL [12], or direct B cell ligation by Toll-
like receptor ligands [13,14]. Moreover, IgA production has been
described in mice which lack CD4+ T cells [15,16] or are unable
to support MHC II-dependent T-B cell cognate interactions [17].
T cell-independent IgA production is thought to be mainly derived
from B1 cells [15,16], whilst the degree to which B2 cells
contribute to this pathway remains unclear [18].
Early landmark studies have shown that in addition to
promoting IgA, intestinal antigens selectively promote the
activation of T and B lymphocytes that upregulate a4b7 integrin
on their surface which allows their migration to the intestinal
lamina propria [19–21]. We are only now beginning to unravel
the complexity of how this process is regulated, with a wealth of
new data implicating a central role for DC from gut-associated
lymphoid tissues (GALT-DC) [22–26]. DC typically function to
regulate adaptive T cell responses, although an increasing number
of reports indicate that they can additionally regulate B cell
responses [27–30]. These studies raise the question as to how
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GALT-DC are imparted with a specialized intestinal phenotype,
and indicate that these cells may in fact impact on intestinal B cell
responses.
We show that PP-DC express a specialized molecular footprint
allowing these cells to preferentially promote the differentiation of
naı¨ve B2 cells into IgA producing plasma cells. Furthermore, we
demonstrate that PP-DC are conditioned to promote IgA
production in conventional mice by the presence of commensal
intestinal bacteria.
Materials and Methods
Mice
C57BL/6 were purchased from Charles River Laboratories Inc.
and housed at Biosupport AG under specific pathogen free (SPF)
conditions in ventilated filter top cages. Germ-free (GF) C57BL/6
mice were bred under gnotobiotic conditions at the Institute of
Laboratory Animal Science of the University of Zu¨rich. Mice
doubly deficient for TACI (transmembrane activator and calcium-
modulator and cyclophilin ligand interactor) and BCMA (B-cell
maturation antibody) (TACIxBCMAo/o) were generated at, and
kindly provided by, Biogen Inc (Cambridge, MA)[31]. All animal
experiments were performed according to institutional guidelines
and to Swiss federal and cantonal laws on animal protection.
DC and B cell isolation
Animals were sacrificed by CO2 inhalation and subsequent
cervical dislocation and DC isolated from the PP or peripheral
lymph nodes (PLN) of naı¨ve mice. For this purpose lymphoid
tissues were digested twice for 30 min at 37uC in DC medium
(IMDM (BioWhittaker) containing 7% FCS, L-glutamine, Hepes,
100 U/ml penicillin and 100 mg/ml streptomycin (Gibco))
containing 10 U/ml collagenase IV (Worthington Biochemical
Corporation). At the end of each incubation period, tissue
fragments were harvested and passed through a 40 mm cell
strainer (BD biosciences). CD11c positive cells were then positively
selected using anti-CD11c labelled MicroBeads (Miltenyi Biotec)
according to the manufacturers instructions. The purity of
positively selected cells was assessed by FACS analysis and was
approximately 70% for all DC populations. For all experiments
shown data was reproduced at least once using DC further
purified to greater than 95% purity by sorting using a
FACSVantageH.
B cells were isolated from the spleen of naı¨ve mice by incubation
of cell suspensions with FITC-labelled anti-mouse IgDb (BD
Pharmingen), and positive selection using anti-FITC-coated
MicroBeads (Miltenyi Biotec). Naı¨ve B cell preparations were
always found to be greater than 96% pure.
To obtain peritoneal cells, naı¨ve C57BL/6 mice were sacrificed
and the peritoneal cavity was gently washed with 10 ml sterile
PBS. Peritoneal B cells were detected based on their CD19
expression. B-1 and B-2 B cells were differentiated by the IgD,
IgM and CD5 expression of CD19+ B cells.
Flow cytometry and antibodies
The following antibodies were used to assess DC and B cell
purity and activation phenotypes and were purchased from
eBioscience: FITC-labelled anti-mouse CD11c, PE-labelled anti-
mouse CD11b, biotinylated anti-mouse MHCII, biotinylated anti-
mouse CD80, APC-labelled anti-mouse CD19, PE-labelled anti-
mouse TCRb, PE-labelled anti-mouse IgM, biotinylated anti-
mouse CD5, APC-labelled streptavidin and PE-labelled streptavi-
din. Live cells were gated based on propidium iodide (BD
Pharmingen) exclusion during acquisition on a FACSCaliburH
(Becton Dickinson). Flow cytometric analysis was performed using
FlowJo software (TreeStar, Inc.).
DC-B co-cultures
CD11c+ DC were cultured together with IgD+ B cells at a 1:5
ratio in round bottom 96-well plates (Corning). Cells were either
cultured with complete medium only (DC medium containing
25 mM 2-ME) or with additional anti-CD40 (clone FGK-45,
provided by Cytos Biotechnology) at 5 or 2 mg/ml as specified.
LPS (1 mg/ml, cell culture LPS from Escherichia coli 0111:B4,
Sigma-Aldrich) was added to some cultures as a positive control.
In some experiments, the RA receptor b (RARb) inhibitor
LE135 (Tocris Bioscience) and monoclonal anti-TGF-b (Sigma-
Aldrich) were added to PP-DC-B cell co-cultures at 1 mM and
10 mg/ml respectively.
Duplicates or triplicates were prepared for each set of culture
conditions. Cells were cultured for 7 days at 37uC and 5% CO2
after which the supernatant was collected and frozen at 220uC for
later analysis.
Real-time quantitative RT-PCR
Real-time quantitative RT-PCR was performed using cDNA
isolated from CD11c+ PP- or PLN-DC isolated from naı¨ve SPF
mice. cDNA was prepared from total RNA isolated using TRI
Reagent (Molecular Research Center, Inc.), treated with DNase
(Invitrogen) to avoid genomic DNA contamination, and reverse
transcribed using the SuperScript III RT kit (Invitrogen).
Quantitative real-time RT-PCR was performed using Brilliant
SYBR Green (Stratagene) in an iCycler (Bio-Rad Laboratories).
Expression was normalized to the housekeeping gene GAPDH.
Sequences of all primers used were: GAPDH (Gapdh) 59-GGG
TGT GAA CCA CGA GAA AT-39 and 59-CCT TCC ACA ATG
CCA AAG TT-39; BAFF (Tnfsf13b) 59-AGG CTG GAA GAA
GGA GAT GAG-39 and 59-CAG AGA AGA CGA GGG AAG
GG-39; APRIL (Tnfsf13) 59-GGG GAA GGA GTG TCA GAG
TG-39 and 59-GCA GGG AGG GTG GGA ATA C-39; TGF-b
(Tgfb1) 59-TGG AGC AAC ATG TGG AAC TC-39 and 59-TGC
CGT ACA ACT CCA GTG AC-39; VPAC1 (Vipr1) 59-CTC ATC
CCT CTG TTC GGA GTT C-39 and 59-CGA CGA GTT CGA
AGA CCA TTT T-39; VPAC2 (Vipr2) 59-GGA CAG CAA CTC
GCC TCT CT-39 and 59-AGA ATG GGC ATC CGA ATG AC-
39; RALDH1 (Aldh1a1) 59-ATG GTT TAG CAG CAG GAC
TCT TC-39 and 59-CCA GAC ATC TTG AAT CCA CCG AA-
39; iNOS (Nos2) 59-CTG CCT CAT GCC ATT GAG TT-39 and
59-TGA GCT GGT AGG TTC CTG TTG-39.
Detection of antibody isotypes by ELISA
Harvested culture supernatants were analysed for IgA, IgG1 or
IgM antibody isotype levels using standard ELISA assays. In brief,
96 well plates (Maxisorp; Nunc) were coated with unlabeled goat
anti-mouse antibodies to either IgA, IgG1 or IgM (Southern
Biotech) in ELISA coating buffer (5.88 g/l NaHCO3, 3.18 g/l
Na2CO3 (Fluka) in ddH2O, pH 9.6) overnight at 4uC. Plates were
washed with PBS/0.05% TweenH20 (Fluka) and blocked with
PBS/1% BSA for 2 h at room temperature (RT). Supernatants
were serially diluted in PBS/0.1% BSA starting with a 1.5 fold
dilution for IgA and IgG1 detection, and 3 fold dilution for IgM.
Purified mouse IgA (BD Pharmingen), mouse IgG1 or mouse IgM
(both from Southern Biotech) were used as standards and were
serially diluted in parallel to the samples starting from a
concentration of 3 mg/ml and according to the isotype of the
coating antibody. Samples and standards were incubated for 2 h
at RT then washed extensively and incubated with alkaline-
phosphatase-labeled goat anti-mouse antibodies to IgA, IgG1 or
PP-DC Promote IgA Production
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IgM (Southern Biotech) diluted into PBS/0.1% BSA, according to
the isotype of the coating antibody. Plates were incubated for a
further 1 h at RT, washed extensively then developed using the
substrate p-nitrophenyl phosphate (Sigma-Aldrich). ODs were
measured on an ELISA reader (Bucher Biotec) at 405 nm.
Statistical analysis
For all IgA data, significant differences, between the indicated
group and the ‘no DC control cultures’, were determined by a
one-tailed student’s t-test. In instances where the ‘no DC culture’
gave a value below the detection limit, the sample was given a
value of 1.0 ng/ml which represents the detection limit of the IgA
ELISA. In experiments where the inhibitory effect of LE135 and
anti-TGF-b was studied, the significant differences between the
reagents as compared to medium was determined by a one-tailed
student’s t-test. In all cases p values are depicted as *p#0.05,
**p#0.005 or ***p#0.0005.
Results
PP-DC promote IgA production
To investigate the direct impact of DC on B cell antibody class
switching we established an in vitro co-culture assay whereby purified
DC were incubated together with naı¨ve IgD+ B cells. B cells were
isolated from the spleen and were found to be 96% IgMhiIgDhi
representing a B2 cell phenotype (Figure 1A). Less than 1% of the
cells expressed a B1 cell phenotype (IgMhiIgDlo), as confirmed by
the lack of CD5 expression (Figure 1A). T cell help was substituted
in these cultures by the addition of stimulatory anti-CD40
monoclonal antibody such that T cell-derived cytokines did not
influence the experimental outcome. Culture supernatant was
harvested after 7 days of culture and the production of IgA, IgG1
and IgM antibody isotypes analyzed by standard ELISA assays.
Addition of DC to naı¨ve B cells did not impact on CD40-dependent
IgM or IgG1 production and LPS substantially increased the
production of both isotypes (Figure 1C&D). In contrast, DC were
required for IgA production either in the absence or presence of
additional LPS (Figure 1B). The ability of DC to promote CD40-
dependent IgA production was most striking when the DC were
isolated from the PP with PP-DC being significantly (p = 0.0004)
better than PLN-DC at promoting IgA production. Addition of LPS
to the culture rendered all DCs capable of promoting IgA
production (in this case no significant difference was noted between
PP- and PLN-DC, although the addition of PP-DC resulted in
higher yields of IgA)(Figure 1B). These data indicate that DC can
impact directly on naı¨ve B2 cells to promote CD40-dependent IgA
production and that this effect is most dramatic when DC are
isolated from the PP.
PP-DC exhibit a specialized molecular phenotype
Numerous factors have been demonstrated to promote IgA
production including BAFF and APRIL [12], the neuropeptide
VIP [32,33], TGF-b [11], RA [25] and iNOS [34]. Since PP-DC
were more potent at driving IgA production than their PLN
counterparts we compared their expression of these factors. DC
isolated from the PP were found to represent distinct subpopu-
lations based on their CD11c and CD11b surface expression and
exhibited an overall less activated phenotype than those isolated
from the PLN (Figure 2A&B). In keeping with the observations of
others [22] PP-DC expressed increased levels of mRNA encoding
for RALDH1 which is required for RA production (Figure 2C&D).
PP-DC also exhibited increased levels of BAFF, APRIL, iNOS
and VIP receptors (VPAC1 and VPAC2) mRNA as compared to
PLN-DC (Figure 2C&D). We did not note any difference between
PP-DC or PLN-DC for TGF-b expression (Figure 2C&D).
However, TGF-b is secreted as a latent molecule requiring
activation by tissue plasminogen activator and tissue plasminogen
activator has been demonstrated to be expressed on CD103+ DC
from the mesenteric lymph nodes raising the possibility that PP-
Figure 1. PP-DC promote IgA production by B cells. (A) The dot
plot (left panel) shows IgM and IgD expression by MACS sorted splenic
IgD+ B cells. Gates depict putative B2 and B1 cell populations. The
histogram plot (right panel) shows CD5 expression by splenic IgD+ B
cells (shaded area) or peritoneal B cells (solid line) gated for CD19
expression. (B–D) Splenic IgD+ B cells from naı¨ve C57BL6 mice were
cultured alone (open bars) or together with CD11c+ DC isolated from
the PP (black bars) or PLN (grey bars). Anti-CD40 mAb (2 mg/ml) was
added to all cultures in the absence or presence of additional LPS (1 mg/
ml) as indicated. At the end of 7 days of culture, supernatants were
collected and (B) IgA, (C) IgG1 and (D) IgM antibody concentrations
determined by standard ELISA assay. Cultures were performed in
triplicate and the mean6S.E.M. are shown. B.D. depicts those samples
where the antibody concentration was below the detection limit of the
ELISA assay. No IgA was detected in control cultures containing DC
alone. The data shown are from one experiment and are representative
of at least three independent experiments.
doi:10.1371/journal.pone.0002588.g001
PP-DC Promote IgA Production
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DC may also result in the generation of higher amounts of active
TGF-b [35].
We next examined the contribution of TGF-b and RA to PP-
DC-promoted IgA production by B2 cells by adding neutralizing
anti-TGF-b monoclonal antibody (mAb) or the RARb inhibitor
LE135 to the co-culture. Both anti-TGF-b mAb and LE135
resulted in a partial inhibition (40–50%) of PP-DC-induced IgA
production (Figure 3A). Interestingly, addition of LPS did not
markedly alter the effect of either inhibitor (Figure 3B), indicating
that LPS-mediated up-regulation of DC-promoted IgA production
worked through similar mechanisms as those mediated by freshly
isolated PP-DC. We next determined whether blockade of both
TGF-b and RA could further decrease PP-DC mediated IgA
production. The impact of adding both inhibitors resulted in a
slight additive effect over the use of either inhibitor alone in the
absence of LPS (p,0.05), whilst no significant difference was
observed in the presence of LPS (Figure 3A&B). These data
indicate that RA and TGF-b largely act through a common
pathway to promote IgA. Indeed, Saurer et al. [36] recently
demonstrated that RA can act on the DC itself to promote TGF-b
production. Our findings are also in keeping with those of Mora et
al. [25] who observed that RA could promote IgA production
during in vitro B cell culture, but only when DC were included.
The inability of both anti-TGF-b mAb and LE135 to
completely inhibit IgA production indicated that other factors
must contribute to the ability of PP-DC to promote IgA. We
therefore investigated the contribution of BAFF and APRIL. As
these molecules are known to promote IgA class switching through
TACI and BCMA [37] we used naı¨ve B2 cells isolated from mice
deficient for these two molecules (TACIxBCMAo/o)[31] in our
cultures. DC-promoted IgA levels were comparable between
cultures of wildtype and TACIxBCMAo/o B2 cells (Figure 4A),
indicating that the absence of these molecules did not impact on
IgA production. Nor was TACI and BCMA signaling required for
anti-CD40 or LPS induced B2 cell IgG1 production (Figure 4B).
Although the absence of TACI and BCMA signaling appeared to
reduce anti-CD40 induced IgM production in the experiment
shown (Figure 4C), IgM production did not differ between
TACIxBCMAo/o and C57BL/6 mice in two further experiments
indicating that these molecules are unlikely to play an important
role in IgM production (data not shown).
It remained possible that DC-secreted BAFF and APRIL could
contribute to IgA production, but only in the absence of CD40
signaling. We therefore examined whether PP-DC could promote
CD40-independent antibody production. IgM and IgG1 produc-
tion was not observed in the absence of CD40 ligation regardless
of the presence of PP- or PLN-DC, but was increased by LPS
stimulation (Figure 4E&F). In contrast, a small (although not
statistically significant) amount of CD40-independent IgA pro-
duction could be detected in cultures containing PP-DC
(Figure 4D). Importantly the actual level of IgA noted in the
absence of CD40 ligation was minimal compared to that seen in
the presence of anti-CD40 mAb, and was only observed in five out
of a total of eight experiments. When CD40-independent IgA was
noted, it was also observed to require TACI and BCMA signaling
(Figure 4D). The addition of LPS co-stimulatory signals could
overcome the requirement for TACI and BCMA and promoted
increased CD40-independent IgA levels in cultures of both
wildtype and TACIxBCMAo/o B2 cells (Figure 4D). However,
these levels were again very small.
Figure 2. PP-DC express a distinct molecular footprint. (A) Dot plots show MACS sorted CD11c+ DC isolated from the PP or PLN and stained
with antibodies against CD11c and CD11b. (B) Histrogram plots show cells from (A) gated for CD11c expression and stained with antibodies against
MHC class II, CD40 or CD80 as indicated. All plots show expression levels of the indicated activation marker (solid line) as compared to unstained
CD11c+ control populations (shaded area). All data shown are from one experiment and are representative of at least three independent experiments.
(C) Relative mRNA levels to GAPDH for the indicated genes as determined for CD11c+ DC isolated from the PP or PLN by quantitative real time PCR.
Results shown are from representative measurements. (D) Same as (C) shown as fold change for PP-DC (black bars) relative to PLN-DC (open bars) for
which mRNA expression was normalized to a value of 1. Data represent the mean6S.E.M. of combined values from at least three independent
experiments.
doi:10.1371/journal.pone.0002588.g002
Figure 3. RA and TGF-b are involved in PP-DC mediated IgA
production. Naı¨ve splenic IgD+ B cells from C57BL/6 mice were
cultured together with CD11c+ DC from the PP. Anti-CD40 mAb (5 mg/
ml) was added to all cultures in the absence (A) or presence (B) of
additional LPS (1 mg/ml). LE135, anti-TGF-b or the combination of both
were added where indicated. At the end of 7 days of culture,
supernatants were collected and IgA concentration determined by
standard ELISA assay. The inhibitory effect of each reagent and their
combination was calculated by comparing their IgA concentrations to
control cultures containing medium alone, and are depicted as percent
inhibition, medium being equivalent to 0% inhibition. Cultures were
performed in triplicate and the mean6S.E.M. are shown. The data
shown are from one experiment and are representative of two
independent experiments.
doi:10.1371/journal.pone.0002588.g003
PP-DC Promote IgA Production
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Intestinal bacteria contribute to the IgA-promoting
phenotype of PP-DC
Although numerous studies have now reported a role for
GALT-DC in promoting mucosal lymphocyte differentiation, the
factors responsible for imparting DC with this function remain
largely unknown. Intestinal commensal bacteria are well known to
impact on the organization and function of the immune system
[38], and we observed that LPS could impart PLN-DC with an
Figure 4. PP-DC promoted IgA production requires BCMA and TACI signaling in the absence of CD40- or LPS-mediated signals.
Naı¨ve splenic IgD+ B cells from C57BL/6 (plain bars) or TACIxBCMAo/o mice (striped bars) were cultured together with CD11c+ DC from the PP (black
and white bars) or PLN (grey bars). (A–C) Anti-CD40 mAb (2 mg/ml) was added to all cultures in the absence or presence of additional LPS (1 mg/ml) as
indicated. (D–F) Cultures were performed in the absence of anti-CD40 mAb but contained LPS (1 mg/ml) where indicated. At the end of 7 days of
culture, supernatants were collected and (A&D) IgA, (B&E) IgG1 and (C&F) IgM antibody concentrations determined by standard ELISA assay. Cultures
were performed in triplicate and the mean6S.E.M. are shown. B.D. depicts those samples where the antibody concentration was below the detection
limit of the ELISA assay. No IgA was detected in cultures containing DC alone. The data shown are from one experiment and are representative of two
(D–F) and three (A–C) independent experiments.
doi:10.1371/journal.pone.0002588.g004
PP-DC Promote IgA Production
PLoS ONE | www.plosone.org 6 July 2008 | Volume 3 | Issue 7 | e2588
IgA promoting phenotype similar to that of PP-DC. These data
led us to test the possibility that intestinal bacteria-derived factors
may imprint PP-DC with an IgA-promoting phenotype. To
investigate this possibility we isolated DC from GF or SPF housed
mice, and cultured these cells together with naı¨ve B2 cells isolated
from SPF mice. In keeping with our earlier data DC from SPF
mice were able to promote IgA production and this effect was most
dramatic in the PP-DC population (Figure 5A). PP-DC isolated
from GF mice exhibited a severely reduced capacity to promote
IgA production as compared to SPF-DC (p = 0.0005). The
inclusion of LPS in the GF DC cultures was able to largely
overcome this defect and, as observed previously, also allowed
PLN-DC to promote IgA production (Figure 5A). However, for
both PLN- and PP-DC the ability of GF DC to promote IgA still
remained reduced compared to SPF DC (p,0.05 for PP-DC).
IgM and IgG1 production remained independent of the presence
of DC, and the production of both antibodies was promoted by
LPS (Figure 5B&C).
It remained possible that IgA production in cultures containing
PP-DC from SPF, but not GF mice, could be accounted for by the
presence of intestinal bacteria, or their fragments, within the SPF
DC resulting in transfer of bacterial antigens to naı¨ve B cells.
However, we consider this possibility unlikely as further stimula-
tion of B2 cells in GF PP-DC cultures by IgM cross-linking
antibodies did not increase IgA levels, demonstrating that optimal
BCR stimulation does not alter the attenuated capacity of GF PP-
DC to promote IgA production (data not shown).
Discussion
We have demonstrated that DC are required to promote IgA
production by naı¨ve B2 cells when these cells are stimulated in the
absence of exogenous cytokines. By contrast, DC were not required
for IgM or IgG1 production. This indicates that DC selectively
promote IgA production, as opposed to simply impacting on B2 cell
survival or transferring captured antigen. IgA secretion was most
pronounced when the DC were isolated from the PP indicating that
these DC exhibit a specialized phenotype that allows them to
preferentially promote IgA production. Others have also reported
that PP-DC selectively drive IgA production when added to T cell
and B cell co-cultures [39–44]. Our data support these findings and
further show that PP-DC can promote IgA production when T cell
help is substituted by anti-CD40 mAb. These data indicate that DC
can directly influence the IgA production by naı¨ve B2 cells as opposed
to simply promoting the secretion of cytokines by T helper cells.
These findings implied that the PP-DC represent a specialized
subpopulation of cells, or that DC located within intestinal
lymphoid tissues are conditioned by the local microenvironment to
Figure 5. Intestinal commensal bacteria are partially responsible for the ability of PP-DC to promote IgA production. Naı¨ve splenic
IgD+ B cells from C57BL/6 mice were cultured alone (open bars) or together with CD11c+ DC from the PP (black bars) or PLN (grey bars). CD11c+ DC
were isolated from mice maintained under SPF or GF conditions as indicated. Anti-CD40 mAb (5 mg/ml) was added to all cultures in the absence or
presence of additional LPS (1 mg/ml) as indicated. At the end of 7 days of culture, supernatants were collected and (A) IgA, (B) IgG1 and (C) IgM
antibody concentrations determined by standard ELISA assay. Cultures were performed in triplicate and the mean6S.E.M. are shown. B.D. depicts
those samples where the antibody concentration was below the detection limit of the ELISA assay. No IgA was detected in control cultures
containing DC alone. The data shown are from one experiment and are representative of three independent experiments.
doi:10.1371/journal.pone.0002588.g005
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promote the production of mucosally relevant antibody isotypes.
We therefore investigated the gene expression of factors known to
be associated with IgA production in PP- and PLN-DC. PP-DC
expressed increased levels of RALDH1, BAFF, APRIL, and VIP
receptors. Inclusion of an RARb inhibitor in our culture led to a
partial reduction in IgA production and we concluded that RA
may function to promote IgA production by stimulating the
release of active TGF-b from PP-DC as inhibition of TGF-b also
led to a partial reduction in IgA, whilst inhibition of both RA and
TGF-b did not lead to an additive effect.
Since inhibition of both RA and TGF-b could not fully account
for the ability of PP-DC to promote IgA production, we
questioned whether BAFF and APRIL may play a role. For this
purpose we used B2 cells lacking TACI and BCMA, but failed to
observe a role for these molecules in CD40-dependent IgA
production. As APRIL-TACI signaling has been widely implicated
in T-independent IgA class switching [12] we next investigated a
role for this pathway in absence of CD40. CD40-independent IgA
production required intact TACI and BCMA signaling, however,
DC-promoted IgA production by wildtype B2 cells was minimal in
the absence of CD40-signaling. Moreover, the addition of LPS was
able to overcome the requirement for BAFF and APRIL in this
process. These data indicate that BAFF and APRIL are only
necessary for IgA production by B2 cells in the absence of both
CD40 and LPS co-stimulatory signals. Although it has been
postulated that APRIL stimulation of B2 cells may contribute to
CD40-independent IgA production [12], we believe that IgA
production in mice lacking T cells [15,45], or CD40 [46], is more
likely to be derived from B1 cells.
The ability of the microenvironment to impact on immune cell
function, including that of DC, is well recognized—yet little is
known about the exact mechanisms by which this process occurs.
Mice housed under GF conditions lack significant IgA [38] and
recolonization with a normal bacterial flora [47], or even mono-
association with segmented filamentous bacteria [48,49] can
restore IgA levels. We therefore compared the ability of DC
isolated from mice housed under SPF or GF conditions to promote
IgA production in a co-culture using SPF B2 cells. PP-DC isolated
from GF mice were significantly less potent in promoting IgA
production indicating that intestinal commensal bacteria can
impact directly on DC function.
Intriguingly, Tezuka et al. [34] recently reported that iNOS is
required for IgA production and that iNOS-positive DC are more
potent at promoting T-dependent IgA production than their
negative counterparts through a TGF-b-mediated mechanism.
Toll-like receptor ligands derived from intestinal bacteria, such as
LPS, are well known to promote iNOS expression [50] indicating
that these microorganisms may impact directly on the ability of DC
to promote IgA by regulating iNOS. Indeed, the finding that LPS
was able to restore IgA production in cultures containing DC from
GF mice supports this hypothesis. In further confirmation of this
hypothesis we observed increased expression of iNOS in PP-DC
versus PLN-DC. Thus, we believe that commensal intestinal
bacteria are likely to signal through pattern-recognition receptors
such as Toll-like receptors to mediate iNOS upregulation on local
PP-DC, which in turn results in increased capacity of these cells to
promote IgA switching of antigen-specific B2 cells in a CD40-
dependent manner. This process most likely occurs through a TGF-
b-dependent pathway which also requires the local production of
RA, although other mechanisms are also likely to be involved. In
addition, these PP-DC produce increased amounts of BAFF and
APRIL which function to promote the production of CD40-
independent IgA, although this may largely derive from B1 cells.
Even though commensal intestinal bacteria clearly impacted on
DC function, PP-DC isolated from GF mice were still able to
promote a low level of IgA secretion indicating that other factors
contributed to their conditioning in vivo. IEC are known to secrete
numerous chemokines and cytokines which impact on immune
function [51–53]. Co-culture of epithelial cells together with DC
has been reported to modulate DC function [54,55] indicating
that these cells may account for the residual activity of PP-DC
isolated from GF mice in the promotion of IgA production.
Another possible mechanism by which PP-DC may be condi-
tioned to promote IgA production is through stimulation by
neuroendocrine peptides present within the intestinal microenvi-
ronment. VIP is present in high concentration within the intestine
and has been reported to promote IgA synthesis [32,33] and to
modulate DC function [56,57]. We have shown that DC isolated
from the PP express increased levels of VIP receptors, VPAC1 and
VPAC2, as compared to peripheral DC, indicating that these DC
are susceptible to modulation by VIP and raising the possibility
that VIP stimulation may contribute to the ability of these cells to
promote IgA production. However, initial attempts in our
laboratory to condition peripheral DC through the addition of
VIP have been unsuccessful. We consider it likely that such DC
are unresponsive to VIP due to the reduced expression of VIP
receptors on peripheral DC and that additional, as yet
unidentified, factors may be required to enhance their VPAC1
and VPAC2 expression.
In summary, we have demonstrated that DC are required for
IgA plasma cell differentiation in vitro, with PP-DC exhibiting the
most potent IgA promoting activity. Factors derived from
commensal bacteria, that are unique to the intestinal microenvi-
ronment, were found to modulate DC function such that these
cells preferentially promote the production of the IgA antibody
isotype. These findings provide further evidence that intestinal
immune response is highly specialized for the purpose of providing
protective immunity whilst preserving intestinal integrity, and that
the dominant production of IgA antibodies forms an integral part
of this process. They additionally highlight the central role DC
play in providing a bridge between bacterial and tissue-specific
signals and adaptive immunity.
Acknowledgments
We thank Martin L. Scott and Susan Kalled (BiogenIdec) for TACIxBC-
MAo/o mice.
Author Contributions
Conceived and designed the experiments: PS NH JM. Performed the
experiments: AT NH JM PK BE. Analyzed the data: JM PK. Contributed
reagents/materials/analysis tools: PS AT KB. Wrote the paper: NH JM.
References
1. Conley ME, Delacroix DL (1987) Intravascular and mucosal immunoglobulin A:
two separate but related systems of immune defense? Ann Intern Med 106:
892–899.
2. Mestecky J, Russell MW, Jackson S, Brown TA (1986) The human IgA system: a
reassessment. Clin Immunol Immunopathol 40: 105–114.
3. Harris NL, Spoerri I, Schopfer JF, Nembrini C, Merky P, et al. (2006)
Mechanisms of neonatal mucosal antibody protection. J Immunol.
4. Macpherson AJ, Uhr T (2004) Induction of protective IgA by intestinal dendritic
cells carrying commensal bacteria. Science 303: 1662–1665.
5. Husband AJ, Gowans JL (1978) The origin and antigen-dependent distribution
of IgA-containing cells in the intestine. J Exp Med 148: 1146–1160.
6. Brandtzaeg P, Prydz H (1984) Direct evidence for an integrated function of J
chain and secretory component in epithelial transport of immunoglobulins.
Nature 311: 71–73.
PP-DC Promote IgA Production
PLoS ONE | www.plosone.org 8 July 2008 | Volume 3 | Issue 7 | e2588
7. Johansen FE, Braathen R, Brandtzaeg P (2001) The J chain is essential for
polymeric Ig receptor-mediated epithelial transport of IgA. J Immunol 167:
5185–5192.
8. Brandtzaeg P, Krajci P, Lamm ME, Kaetzel CS (1994) Epithelial and
hepatobiliary transport of polymeric immunoglobulins. In: Ogra PL, ed.
Handbook of mucosal immunology. San Diego: Academic Press. pp 113–126.
9. Gardby E, Lane P, Lycke NY (1998) Requirements for B7-CD28 costimulation
in mucosal IgA responses: paradoxes observed in CTLA4-H gamma 1
transgenic mice. J Immunol 161: 49–59.
10. Ho¨rnquist CE, Ekman L, Grdic KD, Scho¨n K, Lycke NY (1995) Paradoxical
IgA immunity in CD4-deficient mice. J Immunol 155: 2877–2887.
11. Coffman RL, Lebman DA, Shrader B (1989) Transforming growth factor ß
specifically enhances IgA production by lipopolysaccharide stimulated murine B
lymphocytes. J Exp Med 170: 1039–1044.
12. Litinskiy MB, Nardelli B, Hilbert DM, He B, Schaffer A, et al. (2002) DCs
induce CD40-independent immunoglobulin class switching through BLyS and
APRIL. Nat Immunol 3: 822–829.
13. Pasare C, Medzhitov R (2005) Control of B-cell responses by Toll-like receptors.
Nature 438: 364–368.
14. Heer AK, Shamshiev A, Donda A, Uematsu S, Akira S, et al. (2007) TLR
signaling fine-tunes anti-influenza B cell responses without regulating effector T
cell responses. J Immunol 178: 2182–2191.
15. Macpherson AJ, Gatto D, Sainsbury E, Harriman GR, Hengartner H, et al.
(2000) A primitive T cell-independent mechanism of intestinal mucosal IgA
responses to commensal bacteria. Science 288: 2222–2226.
16. Snider DP, Liang H, Switzer I, Underdown BJ (1999) IgA production in MHC
class II-deficient mice is primarily a function of B-1a cells. Int Immunol 11:
191–198.
17. Sangster MY, Riberdy JM, Gonzalez M, Topham DJ, Baumgarth N, et al.
(2003) An Early CD4+ T Cell-dependent Immunoglobulin A Response to
Influenza Infection in the Absence of Key Cognate T-B Interactions. J Exp Med
198: 1011–1021.
18. Macpherson AJ, Geuking MB, McCoy KD (2005) Immune responses that adapt
the intestinal mucosa to commensal intestinal bacteria. Immunology 115:
153–162.
19. Holzmann B, McIntyre BW, Weissman IL (1989) Identification of a murine
Peyer’s patch-specific lymphocyte homing receptor as an integrin molecule with
an alpha chain homologous to human VLA-4 alpha. Cell 56: 37–46.
20. Holzmann B, Weissman IL (1989) Peyer’s patch-specific lymphocyte homing
receptors consist of a VLA-4-like alpha chain associated with either of two
integrin beta chains, one of which is novel. Embo J 8: 1735–1741.
21. Hu MC, Crowe DT, Weissman IL, Holzmann B (1992) Cloning and expression
of mouse integrin beta p(beta 7): a functional role in Peyer’s patch-specific
lymphocyte homing. Proc Natl Acad Sci U S A 89: 8254–8258.
22. Iwata M, Hirakiyama A, Eshima Y, Kagechika H, Kato C, et al. (2004) Retinoic
acid imprints gut-homing specificity on T cells. Immunity 21: 527–538.
23. Johansson-Lindbom B, Svensson M, Wurbel MA, Malissen B, Marquez G, et al.
(2003) Selective generation of gut tropic T cells in gut-associated lymphoid tissue
(GALT): requirement for GALT dendritic cells and adjuvant. J Exp Med 198:
963–969.
24. Mora JR, Bono MR, Manjunath N, Weninger W, Cavanagh LL, et al. (2003)
Selective imprinting of gut-homing T cells by Peyer’s patch dendritic cells.
Nature 424: 88–93.
25. Mora JR, Iwata M, Eksteen B, Song SY, Junt T, et al. (2006) Generation of gut-
homing IgA-secreting B cells by intestinal dendritic cells. Science 314:
1157–1160.
26. Stagg AJ, Kamm MA, Knight SC (2002) Intestinal dendritic cells increase T cell
expression of alpha4beta7 integrin. Eur J Immunol 32: 1445–1454.
27. Huang NN, Han SB, Hwang IY, Kehrl JH (2005) B cells productively engage
soluble antigen-pulsed dendritic cells: visualization of live-cell dynamics of B cell-
dendritic cell interactions. J Immunol 175: 7125–7134.
28. Kushnir N, Liu L, MacPherson GG (1998) Dendritic cells and resting B cells
form clusters in vitro and in vivo: T cell independence, partial LFA-1
dependence, and regulation by cross-linking surface molecules. J Immunol
160: 1774–1781.
29. He B, Qiao X, Klasse PJ, Chiu A, Chadburn A, et al. (2006) HIV-1 envelope
triggers polyclonal Ig class switch recombination through a CD40-independent
mechanism involving BAFF and C-type lectin receptors. J Immunol 176:
3931–3941.
30. Wykes M, Pombo A, Jenkins C, MacPherson GG (1998) Dendritic cells interact
directly with naive B lymphocytes to transfer antigen and initiate class switching
in a primary T-dependent response. J Immunol 161: 1313–1319.
31. Shulga-Morskaya S, Dobles M, Walsh ME, Ng LG, MacKay F, et al. (2004) B
cell-activating factor belonging to the TNF family acts through separate
receptors to support B cell survival and T cell-independent antibody formation.
J Immunol 173: 2331–2341.
32. Boirivant M, Fais S, Annibale B, Agostini D, Delle Fave G, et al. (1994)
Vasoactive intestinal polypeptide modulates the in vitro immunoglobulin A
production by intestinal lamina propria lymphocytes. Gastroenterology 106:
576–582.
33. Kimata H, Fujimoto M (1995) Induction of IgA1 and IgA2 production in
immature human fetal B cells and pre-B cells by vasoactive intestinal peptide.
Blood 85: 2098–2104.
34. Tezuka H, Abe Y, Iwata M, Takeuchi H, Ishikawa H, et al. (2007) Regulation of
IgA production by naturally occurring TNF/iNOS-producing dendritic cells.
Nature 448: 929–933.
35. Coombes JL, Siddiqui KR, Arancibia-Carcamo CV, Hall J, Sun CM, et al.
(2007) A functionally specialized population of mucosal CD103+ DCs induces
Foxp3+ regulatory T cells via a TGF-beta and retinoic acid-dependent
mechanism. J Exp Med 204: 1757–1764.
36. Saurer L, McCullough KC, Summerfield A (2007) In vitro induction of mucosa-
type dendritic cells by all-trans retinoic acid. J Immunol 179: 3504–3514.
37. Castigli E, Wilson SA, Scott S, Dedeoglu F, Xu S, et al. (2005) TACI and BAFF-
R mediate isotype switching in B cells. J Exp Med 201: 35–39.
38. Macpherson AJ, Harris NL (2004) Interactions between commensal intestinal
bacteria and the immune system. Nat Rev Immunol 4: 478–485.
39. Cebra JJ, George A, Schrader CE (1991) A microculture containing TH2 and
dendritic cells supports the production of IgA by clones from both primary and
IgA memory B cells and by single germinal center B cells from Peyer’s patches.
Immunol Res 10: 389–392.
40. Schrader CE, Cebra JJ (1993) Dendritic cell dependent expression of IgA by
clones in T/B microcultures. Adv Exp Med Biol 329: 59–64.
41. Schrader CE, George A, Kerlin RL, Cebra JJ (1990) Dendritic cells support
production of IgA and other non-IgM isotypes in clonal microculture. Int
Immunol 2: 563–570.
42. Spalding DM, Williamson SI, Koopman WJ, McGhee JR (1984) Preferential
induction of polyclonal IgA secretion by murine Peyer’s patch dendritic cell-T
cell mixtures. J Exp Med 160: 941–946.
43. Spalding DM, Williamson SI, McGhee JR, Koopman WJ (1984) Peyer’s patch
dendritic cells: isolation and functional comparison with murine spleen dendritic
cells. Immunobiology 168: 380–390.
44. Sato A, Hashiguchi M, Toda E, Iwasaki A, Hachimura S, et al. (2003) CD11b+
Peyer’s patch dendritic cells secrete IL-6 and induce IgA secretion from naive B
cells. J Immunol 171: 3684–3690.
45. Franco M, Greenberg HB (1997) Immunity to rotavirus in T cell deficient mice.
Virology 238: 169–179.
46. Bergqvist P, Gardby E, Stensson A, Bemark M, Lycke NY (2006) Gut IgA class
switch recombination in the absence of CD40 does not occur in the lamina
propria and is independent of germinal centers. J Immunol 177: 7772–7783.
47. Crabbe PA, Bazin H, Eyssen H, Heremans JF (1968) The normal microbial flora
as a major stimulus for proliferation of plasma cells synthesizing IgA in the gut.
The germ-free intestinal tract. Int Arch Allergy Appl Immunol 34: 362–375.
48. Cebra JJ, Bos NA, Cebra ER, Kramer DR, Kroese FG, et al. (1995) Cellular
and molecular biologic approaches for analyzing the in vivo development and
maintenance of gut mucosal IgA responses. Adv Exp Med Biol 371A: 429–434.
49. Talham GL, Jiang HQ, Bos NA, Cebra JJ (1999) Segmented filamentous
bacteria are potent stimuli of a physiologically normal state of the murine gut
mucosal immune system. Infect Immun 67: 1992–2000.
50. Bogdan C (2001) Nitric oxide and the immune response. Nat Immunol 2:
907–916.
51. Eckmann L, Kagnoff MF, Fierer J (1993) Epithelial cells secrete the chemokine
interleukin-8 in response to bacterial entry. Infect Immun 61: 4569–4574.
52. Fierer J, Eckmann L, Kagnoff M (1993) IL-8 secreted by epithelial cells invaded
by bacteria. Infect Agents Dis 2: 255–258.
53. Jung HC, Eckmann L, Yang SK, Panja A, Fierer J, et al. (1995) A distinct array
of proinflammatory cytokines is expressed in human colon epithelial cells in
response to bacterial invasion. J Clin Invest 95: 55–65.
54. Rimoldi M, Chieppa M, Larghi P, Vulcano M, Allavena P, et al. (2005)
Monocyte-derived dendritic cells activated by bacteria or by bacteria-stimulated
epithelial cells are functionally different. Blood 106: 2818–2826.
55. Rimoldi M, Chieppa M, Salucci V, Avogadri F, Sonzogni A, et al. (2005)
Intestinal immune homeostasis is regulated by the crosstalk between epithelial
cells and dendritic cells. Nat Immunol 6: 507–514.
56. Chorny A, Gonzalez-Rey E, Delgado M (2006) Regulation of dendritic cell
differentiation by vasoactive intestinal peptide: therapeutic applications on
autoimmunity and transplantation. Ann N Y Acad Sci 1088: 187–194.
57. Delgado M, Gonzalez-Rey E, Ganea D (2005) The neuropeptide vasoactive
intestinal peptide generates tolerogenic dendritic cells. J Immunol 175:
7311–7324.
PP-DC Promote IgA Production
PLoS ONE | www.plosone.org 9 July 2008 | Volume 3 | Issue 7 | e2588
